The kinetic parameters of the pyrolysis of miscanthus and its acid hydrolysis residue (AHR) were determined using thermogravimetric analysis (TGA). The AHR was produced at the University of Limerick by treating miscanthus with 5 wt.% sulphuric acid at 175°C as representative of a lignocellulosic acid hydrolysis product. For the TGA experiments, 3 to 6 g of sample, milled and sieved to a particle size below 250 μm, were placed in the TGA ceramic crucible. The experiments were carried out under non-isothermal conditions heating the samples from 50 to 900°C at heating rates of 2.5, 5, 10, 17 and 25°C/min. The activation energy (E A ) of the decomposition process was determined from the TGA data by differential analysis (Friedman) and three isoconversional methods of integral analysis (Kissinger-Akahira-Sunose, Ozawa-Flynn-Wall, Vyazovkin). The activation energy ranged from 129 to 156 kJ/mol for miscanthus and from 200 to 376 kJ/mol for AHR increasing with increasing conversion. The reaction model was selected using the non-linear least squares method and the preexponential factor was calculated from the Arrhenius approximation. The results showed that the best fitting reaction model was the third order reaction for both feedstocks. The pre-exponential factor was in the range of 5.6 × 10 10 to 3.9 × 10 +13 min −1 for miscanthus and 2.1 × 10 16 to 7.7 × 10 25 min −1 for AHR.
Introduction
The growing worldwide concern over fossil fuel resource depletion and greenhouse gas emissions from their utilisation has intensified the search for new and renewable energy sources. The role of lignocellulosic biomass has become significant among the multiple reusable natural resources, as gas and liquid fuels and chemicals can be directly obtained without adding new carbon dioxide to the atmosphere [1] . Biomass from either energy crops or agricultural residues can be thermally and/or chemically treated under different conditions to obtain liquids or gases according to the desired application. Two feed materials have been studied: miscanthus and the acid hydrolysis residue of miscanthus processing. Chemical transformation of lignocellulosic biomass into platform chemicals such as hydroxymethyl furfural, furfural and levulinic acid for production of chemicals and/or diesel miscible biofuels can be achieved by hydrolysis. The process is typically carried out at temperatures between 100 and 250°C in the presence of an acid catalyst and is known as acid hydrolysis [2] . The non-reactive product of acid hydrolysis contains insoluble lignins and intractable cellulose condensation products known as humins which together are referred to as acid hydrolysis residue (AHR) [2] . This is the feed material used in this study to evaluate potential uses for this waste stream. AHR is a black powder that can be separated by filtration, containing up to 80% of the energy of the original feedstock. The first report on the use of AHRs to produce energy or biofuels known to the authors is the work from Girisuta et al. [3] . Catalytic pyrolysis was used to transform AHRs from miscanthus obtained at different hydrolysis conditions into bio-oil [3] . In later studies, Hoang et al. investigated the catalytic gasification of humins to produce hydrogen [4] and syngas [5] .
Within energy crops, Miscanthus × giganteus is regarded as a feedstock with high potential for thermochemical processes due to its particular characteristics, such as high C:N ratio and high energy production per hectare of up to 20 dry t/ha in northern climates [6] . Due to these properties and its high cellulose content wt.% dry basis) it has been used for acid hydrolysis for production of chemicals such as hydroxymethyl furfural, furfural and levulinic acid. These are valuable both as chemicals and as fuel additives. This work focuses on miscanthus and the solid residue from acid hydrolysis of miscanthus and includes a comparison of these two materials. Although the AHR is relatively unreactive, it is essential to realise its energy content either through combustion for heat production and hence power generation or through gasification either for power generation or biofuel production. The increasing interest in production of platform chemicals from biomass means that processes such as acid hydrolysis will become increasingly common and widely used, so viable uses for the residues are essential to optimise such processes.
Miscanthus is a C4 perennial grass and has a higher lignin content compared to woody biomass [6] . Lignin is one of the main constituents of biomass (18 to 25 wt.% dry basis) and, after cellulose; is the second most abundant polymer in nature. The carbon content in lignin is around 60% [7, 8] . During the acid hydrolysis transformation, lignin and other cellulose condensation reaction products (humins) form a solid residue often referred to as acid hydrolysis residue (AHR). Up to 80% of the energy of the feedstock is stored in the AHR, which can potentially be recovered by thermal processing [3] . One interesting process that could be used to recover either energy (via the production of liquid oil) or valuable chemicals from the AHR is pyrolysis. Pyrolysis is defined as the treatment of solid fuels in the absence of oxygen at moderate temperatures (450 to 550°C) [9] . The yield of the liquid product can be maximised up to 75 wt.% by means of high heating rates, low hot vapour residence time and rapid quenching of the vapours to minimize secondary reactions. A kinetic description of the pyrolysis process is necessary for design, modelling and optimization of large scale applications. Determining the reaction models and kinetic parameters for each individual reaction requires a complex series of experimental, analytical and mathematical stages. However, the apparent kinetics of the thermal decomposition considered as a single step are a good approximation to describe and compare different feedstocks [10] [11] [12] [13] .
TGA kinetics
Thermogravimetric analysis (TGA) is a rapid, precise technique to determine the mass loss of a sample over time and evaluate the thermal decomposition of solids and its kinetics [14] . An initial investigation of the pyrolysis behaviour can be performed by TGA, however, the method has been criticized as limited for kinetics determination, as it only allows the analysis to be performed at relatively slow heating rates. These results are often extrapolated to fast pyrolysis heating rates which are considerably higher, leading to inaccurate and potentially misleading results [11] . Nevertheless, different samples can be easily and rapidly compared with TGA, and it is possible to determine basic parameters for slow pyrolysis modelling [11, 12, 14] .
Kinetic parameters can be calculated using two different experimental TGA methods. In the isothermal method, decomposition measurements are performed at constant temperature [12, 15] . The alternative is the dynamic or non-isothermal method which is usually preferred as the full temperature range is considered. The sensitivity and error can be improved if the measurements are performed using different linear heating rates and the kinetic parameters can be calculated using isoconversional methods [12, 16] . Different mathematical and analytical approximations can be used to calculate the kinetic parameters by from the temperature integral [17] . The approximations developed by Friedman, Ozawa-Flynn-Wall (OFW), Kissinger-Akahira-Sunose (KAS) and Vyazovkin are among the most commonly used [11, 17] . A nonisothermal, isoconversional approach was used in the present work to determine the kinetic parameters of the pyrolytic decomposition of miscanthus and its AHR and the results obtained by the different approximations mentioned were compared.
To the knowledge of the authors, no comparison between all these methods has been performed for biomass pyrolysis. Some studies have compared results obtained by two of them. Yang and Wu compared the values of kinetic parameters for pyrolysis of wheat straw's enzymatic acidolysis lignin obtained using the OFW and KAS approximations [13] . TGA measurements were performed using 6 to 12 mg of sample at maximum temperature of 800°C reached at heating rates of 10, 20, 30, 40 and 50°C/min using nitrogen. Only one value for each parameter was reported in the study. Using the OFW method, the activation energy and the pre-exponential factor were 107.69 kJ/mol and 20.60 min A comparison between the kinetic parameters calculated using the KAS and OFW methods has been made for TGA pyrolysis of cardoon [19] . The activation energy using both methods was very similar for stems but slightly lower for leaves when calculated by KAS (230 kJ/mol stems and 242 kJ/mol for leaves). The value for pre-exponential factor was also slightly lower when calculated by KAS (4.3-6.5E + 17 for stems and 6.5-9.5E + 28 for leaves), while the reaction order was in the same range for both fractions (n = 8-9 for stems and n = 14-15 for leaves).
Materials and methods

Preparation of samples
Miscanthus × giganteus was supplied by the University of Limerick in the Republic of Ireland from a local source and received as shown in Fig. 1 . Miscanthus was collected in April 2012 from the Limerick County area and was milled in an industrial Retsch SM200 cutting mill using a 4 mm reference sieve. The particle size was further reduced in the same system using a 1 mm sieve. The feedstock was then ground using a kitchen coffee grinder and sieved to separate the fraction with a particle size below 250 μm.
The AHR was produced at the University of Limerick by treating miscanthus with 5 wt.% sulphuric acid at 175°C for 1 h, following the procedure described elsewhere [3] . In the acid hydrolysis process, biomass was fed into the reactor with water in a 1:9 solid to liquid ratio and then the mixture was heated to 175°C. Sulphuric acid was added after equalizing the pressure to that inside the reactor. After the reaction time was reached, the mixture was separated by filtration and the solid residue was washed with water several times and oven-dried overnight at 60°C. When received, the residue was sieved and the fraction with particles below 250 μm (more than 85 wt.% of the original sample) was used for the TGA measurements.
Proximate and ultimate analysis
Elemental (C, H, N) analysis was carried out externally by Medac Laboratories Ltd using a Carlo-Erba EA1108 analyser. The oxygen content was calculated by difference from the results received from the laboratory. Moisture, char and volatiles were determined according to ASTM E1131 [20] using a PerkinElmer Pyris 1 TGA, heating the sample to 900°C at a rate of 10°C/min and holding the temperature for 10 min to ensure constant final weight. Ash contents were determined using the TGA under nitrogen atmosphere by heating to 500°C at a rate of c and holding for 10 min; then heating the residue under an air atmosphere to 575°C at a rate of 2.5°C/min and holding for 10 min. The ash contents of the raw feedstocks were also measured by ASTM E1755 [21] . The higher heating value (HHV) of the feedstocks was calculated using the equation proposed by Channiwala (Eq. (1)) [22] .
Composition analysis
The separation of the structural carbohydrates cellulose, hemicellulose and lignin in miscanthus was performed by the wet chemistry method according to the small scale separation method proposed by Ona et al. [23] . A dry sample 3 to 6 g was used to determine the composition of each sample. Extractive free samples were prepared in a Soxhlet apparatus by treating the sample with toluene/ethanol, ethanol and water. The content of extractives was determined by weight difference after drying the extractives-free sample. The lignin content was determined by treating the extractives-free sample with concentrated (72 wt.%) and diluted (3 wt.%) sulphuric acid. The holocellulose fraction was separated by extracting the lignin with sodium acetate and chlorite. After delignification, hemicellulose was dissolved in 17.5 wt.% sodium hydroxide to separate the cellulose fraction. Residual lignin in hemicellulose was also diluted using concentrated and diluted sulphuric acid. The content of hemicellulose was calculated by subtracting between the weight of cellulose and residual lignin from the amount of holocellulose. Extractives and Klason lignin for the AHR were determined by the University of Limerick using the TAPPI method and reported elsewhere [3] .
Thermogravimetric analysis
Thermogravimetric non-isothermal measurements were made according to the ASTM E1641-07 [24] method using a PerkinElmer Pyris 1 TGA. 3 to 6 mg of sample was placed in a tared ceramic crucible. Each sample was heated from 50 to 900°C at heating rates of 2.5, 5, 10, 17.5 and 25°C/min under a nitrogen flow of 20 ml/min. The final temperature was held for 10 min to ensure constant final weights.
Kinetic parameters estimation
The isoconversional methods developed by Friedman, OzawaFlynn-Wall, Kissinger-Akahira-Sunose and Vyazovkin were used to calculate the activation energy for each feedstock. The values obtained by the four methods were compared. Since there was no significant difference between the values obtained by the four methods and the Vyazovkin method presents mathematical advantages (presented in Section 3.4); the values determined by this method were used to find the best fit among the reaction models described by different authors [12, 14, 25] and presented in Table 2 . The best fitting model was determined using the non-linear least squares method and used for the calculation of the pre-exponential factor as described below.
The rate of decomposition of biomass can be formulated in terms of temperature (T) and conversion (α) [8, 26] :
The conversion can be expressed in terms of the mass fraction of biomass that has decomposed [12, 16] :
The temperature dependent function is generally expressed by the Arrhenius equation in terms of the activation energy (E A ) and the preexponential factor (k o ) [8, 26] : Table 2 Conversion functions of reaction models used for the calculation of kinetic parameter using the Arrhenius equation [12, 14, 25] .
Phase boundary controlled reaction Contracting area (R2)
(
Nucleation Power law (P2, P3, P4 for n = 2,3,4)
The decomposition kinetic equation can be obtained combining these equations [8, 26] :
Under non-isothermal conditions, the actual temperature can be expressed in terms of the initial temperature (T o ) and the heating rate (β), allowing the calculation of the decomposition rate as function of temperature instead of time [26] :
The integral form of f(α) can be expressed as:
Defining x as
The temperature integral can be expressed as a function of x:
where p(x), referred to as the temperature integral, has no exact analytical solution and must be determined by means of empirical interpolations [26] like the ones used in the present work and described below.
Friedman method
The Friedman method is based on the assumption that the chemistry of the decomposition process depends only on the rate of mass loss and is independent from the temperature. Therefore, f(α) can be considered constant and taking natural logarithms at both sides of Eq. (7) gives the following equation [12, 27] :
The activation energy can be calculated from the slope of the line obtained by plotting the left side of the equation against the inverse temperature.
Ozawa-Flynn-Wall method
The Ozawa-Flynn-Wall method (referred to as Ozawa in the present work) uses the Doyle linear approximation to calculate p(x) for 20 ≤ x ≤ 60 [12, 28] :
Replacing p(x) in Eq. (10) and rearranging:
The values of E A can be calculated from the slope of the plot of log β against the inverse temperature [12,28].
Kissinger-Akahira-Sunose method
Although it is normally used in model fitting methods, the CoatsRedfern temperature integral approximation can be modified to transform it for isoconversional calculations:
The activation energy can be calculated from the plot of the logarithm of β/T 2 against the temperature inverse, taking into account that
2RT/E A ≪ 1 for the temperature range considered. The KissingerAkahira-Sunose method (referred to as Kissinger in the present work) is based in this approximation using p(x) = e − x /x 2 for 20 ≤ x ≤ 50 [28, 29] .
Vyazovkin method
This method uses the nonlinear regression proposed by Senum and Yang, which makes it more accurate over a wider range of TGA data [11] and circumvents the inaccuracies related to the analytical approximation of the temperature integral. However, its application remains limited as mass transfer becomes limiting at conversions high conversions (above 80 wt.%) [30] . The temperature integral results from the ratio of two polynomials [30] :
Considering p(x) = I(E A ,T α ), the Vyazovkin method can be applied to calculate the activation energy value that minimizes Ω(E A ), a function of the activation energy for a set of temperature values calculated at the same conversion value α for n different heating rates [12, 25, 31] :
In the present work, the Ω(E A ) function was minimized using the Solver function in Microsoft Excel.
Pre-exponential factor calculation by non-linear least squares method
Although the activation energy can be calculated with no knowledge of the f(α) or g(α) functions, the calculation of the pre-exponential factor requires the definition of the reaction model. The most common reaction models used to describe the behaviour of solid state reactions have been presented by different authors [12, 14, 31] and are summarised in Table 2 . The selection of the reaction model is based on the minimization of the difference of the squares of the experimental (dα/dt) exp and calculated (dα/dt) calc DTG curves (differential thermogravimetric curves). The determination is based on the minimisation of the objective function Ω(E A ) in Eq. (17) [19, 32] .
where (dm/dt) exp is the experimentally observed DTG curve and (dm/ dt) calc is the calculated DTG curve, obtained by numerical solution of the kinetic differential equation with the given set of parameters.
Results and discussion
Feedstock characterisation
The proximate, ultimate and compositional analysis of miscanthus and its AHR were performed as described in Section 2.2 and the results are presented in Table 3 . The difference in the lignin content of both feedstocks (21.9 wt.% for miscanthus and 91.2 wt.% for AHR) show how the acid hydrolysis process degrades the cellulose and hemicellulose fractions of the original feedstock into an amorphous polymer known as humins which is mixed with the residual lignin, with the mixed solid referred to as AHR. The humins are the product from condensation and polymerisation reactions between cellulose and intermediate products of acid hydrolysis [3] ; which are insoluble in concentrated sulphuric acid. Humins would be quantified as Klason lignin during the separation procedure, which only separates the sample into acid soluble and acid insoluble material. The effects of the degradation are reflected on the calculated residue heating value, which increases by more than 40% compared to miscanthus.
The low increase in ash content of the AHR compared to untreated miscanthus can be attributed to the demineralization effect of hot water and acid used in acid hydrolysis. Biomass pre-treatment using water and diluted acid (mainly hydrochloric) has been reported to reduce the alkali metal content in biomass [35] [36] [37] [38] [39] and has been used to improve the quality of bio-oil in fast pyrolysis studies [40] . The sulphur content in the AHR can be understood as residual sulphuric acid left after thoroughly washing the residue after the acid hydrolysis reaction (detailed processing presented elsewhere [3] ), since the sulphur content of miscanthus was below detection levels. Fig. 2 shows the TGA and DTG curves of miscanthus and its AHR at five different heating rates: 2.5, 5, 10, 17 and 25°C/min. The decomposition curves under an inert atmosphere for both feedstocks present a single decomposition peak related to a primary pyrolysis stage. The peak is stronger for miscanthus due to the higher volatile content of this feedstock. For both feedstocks, a shift towards higher peak decomposition temperatures is observed with increasing heating rate. The same behaviour has been reported in the literature for miscanthus [41] and other biomass feedstocks such as demolition wood [42] , sawdust [43] , palm oil residues [42, 44] , pinewood [42] , wood chips [26] , olive residue, sugarcane bagasse [18] , wheat straw enzymatic acidolysis lignin [13] , cardoon [19] , pine bark [45] , corn and wheat straw [46] , sorghum [47] and lignins [48] . The shifting of the decomposition curves is a result of heat and mass transfer limitations, which cause temperature gradients inside the sample and inside each particle. Fig. 2 shows that the decomposition of miscanthus started around 250°C and continued up to 400°C with peak decomposition between 310°C and 364°C, increasing with the heating rate. The peak decomposition rate in every case was similar to the heating rate, showing the heat transfer as the controlling step for thermal decomposition of miscanthus. On the other hand, AHR decomposition occurred in a wider temperature range (see Fig. 3 ), between 200°C and 700°C with higher peak decomposition temperatures (325°C to 429°C) and lower peak decomposition rates. The lower reactivity of the AHR is a result of the decomposition of most of the sugars in cellulose and hemicellulose during the acid hydrolysis process (cellulose and hemicellulose decompose at lower temperatures than lignin when heated in inert conditions [49, 50] ) and the formation of refractory humins. Table 4 shows the characteristics for the pyrolysis decomposition curves of miscanthus and its AHR showed in Fig. 2 and Fig. 3 respectively; presenting also a comparison with values reported in the literature for miscanthus. The table shows that the results obtained in the present work agree with those reported in the literature at different heating rates used to calculate the decomposition curves. Peak decomposition rates were achieved at 310°C for 2.5°C/min, similar temperature to the average reported by Greenhalf et al. for miscanthus harvested at different seasons [51] . The results obtained at 25°C/min agree with those reported by Mos et al. at 20°C/min. Table 4 also shows a comparison between the thermal decomposition characteristics of miscanthus and AHR with those reported by Yang et al. [50] and Cheng et al. [57] for the main components of biomass: cellulose, hemicellulose (using xylan as model compound) and lignin. The main decomposition temperatures reported by Cheng et al. [57] were low when compared to the data reported in the literature for miscanthus probably due to the inclusion of low heating rates during the study. The main decomposition peak for miscanthus (310 to 364°C) was between the temperatures reported by Yang et al. for xylan and lignin, showing synergy between the fractions during the decomposition of the untreated feedstock. On the other hand, the main decomposition peak for AHR occurred at the same temperature than the reported by Yang et al. for lignin at the same heating rate indicating similar peaks for lignin and humins which are the main components of the residue.
Thermogravimetric analysis
Determination of the activation energy
The isoconversional methods described in Sections 3.1 to 3.4 were applied in steps of 10 wt.% of conversion (on a dry basis). The linearity of the isoconversional curves was checked for each conversion for the Close similarity in the results of the activation energy values calculated by the three different integral model-free methods (KissingerAkahira-Sunose, Ozawa-Flynn-Wall, Vyazovkin) can be observed in Figs. 2 and 3 . This result agrees with other works presented in the literature comparing kinetic parameters determined by TGA and calculated by different methods [13, 18, 19] . The activation energy values obtained by the Freidman method were also similar to those calculated with integral methods, as reported by Hilten et al. [47] . However, the correlation coefficients were higher for the lineal integral methods at almost every conversion value. The activation energy of both feedstocks exhibited a similar trend increasing with conversion, which indicates that the thermal decomposition is not a single reaction process. The increase with conversion was more pronounced for the AHR. The values for activation energy of the AHR were higher than the values for miscanthus in the whole conversion range. The higher values agree with the nature of the feedstock, which has already undergone chemical decomposition forming more stable components.
The highest activation energy values were obtained at 90 wt.% conversion, for which linear correlation coefficient had the lowest value and the Ω(E A ) function the highest. The variation can be attributed to the mass and heat transfer limitations observed at the highest heating rates used for the TGA measurements, which cause variations on the conversion vs. temperature data used to determine the isoconversional lines. Data obtained at conversions above 90 wt.% were ignored for the kinetic parameters calculation as the temperature integral approximations clearly did not apply for the final decomposition stage. Fig. 4 shows the activation energy of both miscanthus and AHR exhibit a slight increase with conversion up tom 70 wt.% for miscanthus and 80 wt.% for AHR. Beyond these values, the activation energy for both feedstocks increases steeply showing advanced thermal decomposition and the production of unreactive chars. Within the whole conversion range, the activation energy for pyrolysis of AHR was higher than the value for miscanthus, showing the influence of the volatiles content in the decomposition process.
The activation energy values determined for miscanthus (E A = 113-143 kJ/mol) were similar to the values reported for the decomposition of the cellulose fraction in miscanthus by Jeguirim [58] , who reported activation energies of 86-100 kJ/mol for the hemicellulose fraction and 114-199 kJ/mol for the cellulose fraction of the feedstock (see Table 5 ). The activation energy values determined for AHR (E A = 200-376 kJ/mol) were considerably higher than the values reported for commercial alkali lignin (calculated using the Coats-Redfern approximation) and slightly higher that the value reported for lignin from enzymatic hydrolysis of wheat straw: 27-51 kJ/mol [59] and 107 kJ/mol [13] respectively. The values were also higher than those reported for 9 different types if lignin which were calculated by Jiang et al. using the Kissinger method [48] and those reported by Avni and Coughlin calculated for Aspen wood lignin using the differential method [60] (see Table 5 ). Differences between activation energy of different types of lignin and AHR can be attributed to the difference in the content of refractory humins in of the samples. The amount of humins in the sample depends on the sugars in the original feedstock and the conditions used for the separation of lignin and production of AHR.
Determination of the reaction model and the pre-exponential factor
The determination of the best reaction model was performed as described before. The value of the optimization function for each model was calculated using the activation energy determined by isoconversional methods. The values of the optimization function for all the reaction models considered are presented in Table 6 for all the feedstocks. The best fitting model for miscanthus and AHR was the third order reaction. The second and first order reaction closely followed the third order model as best fit for miscanthus. The third order reaction model was also determined as best fit for lignin rich acid hydrolysis residues by Huang et al. [62] . After determining the best fitting model, the pre-exponential factor was calculated at different conversion values. Since there is a compensating mathematical effect in the equations used [12, 63] , the preexponential factor also varied with the concentration (and the activation energy). The pre-exponential factor values varied from 5. 6 shows modelled and experimental TGA curves for miscanthus and its AHR at the five heating rates evaluated. The results of the modelfitting on the modelled TGA curves show that the pyrolysis process is controlled by three dimensional diffusions up to the point of maximum DTG. After this point, the process is controlled by the chemical reaction following a third order model. The E A and k o values were calculated at maximum DTG peak using the Vyazovkin method to build the modelled conversion curves for both parts of the process. The figure shows substantial agreement between experimental and modelled conversion curves for miscanthus, however two reaction models and values for activation energy were needed to model the decomposition process in the temperature range.
Precise fitting between simulated and experimental curves of TGA pyrolysis was reported by Huang et al. for a number of agricultural residues using the KAS method. In this case, the reaction order was defined as a function of conversion instead of the activation energy, meaning the kinetic parameters were varied along the conversion range studied to build the modelled curves [59] . Accurate fits between modelled and experimental curves have been reported by Gil et al. for wood chips using the differential method, by modelling the thermal decomposition lines using the E A calculated for each conversion value [14] . This approach gives almost perfect fitting curves but it is not a model for the whole process as different values of activation energy are used. Skreiberg et al. reported close fitting of experimental and modelled curves for pyrolysis of demolition wood, coffee residues and glossy paper using a first order isothermal approach [64] , meaning the E A value was valid only for the single heating rate at which experiments and activation energy calculations were performed.
The discrepancy between modelled and experimental lines was higher for AHR, for which the modelled curves presented a steeper increase in conversion with increasing temperature than the experimental curves. Modelled curves showed lower conversions at temperatures below 430°C, faster decomposition in the whole temperature range and higher final conversions than the experimental curves. Due to the low reactivity of the AHR, the decomposition of AHR is probably influenced by heat and mass transfer limitations not reflected by the any of the models. The fitting between modelled and experimental TGA curves was not improved by the application of any of the other 11 models commonly used in TGA kinetics calculations and presented in Table 2 . Complex models including mass and heat transfer parameters as well as chemical reaction parameters are probably required to achieve better agreement between experimental and modelled curves for the AHR. However, the kinetic parameters calculated in the present work and the model determination can be considered as a simplified base for simulation of pyrolysis applications of miscanthus and AHR.
Conclusions
As interest grows in chemical recovery from biomass as opposed to energy and biofuels, there will be greater quantities of processing residues arising from such processes. Utilisation of such residues for process energy and heat requirements will be essential for maximising overall process efficiency. The reactivity of acid hydrolysis residues is strongly influenced by the severity of the hydrolysis process conditions and the material tested here represents a relatively low reactivity material. As hydrolysis processes such as this develop, optimisation is required which balances the extent of hydrolysis with the potential for ) calculated using the activation energy value determined by the Vyazovkin method and the third order reaction model. recovering valuable products from the residues through holistic optimisation of the whole process. It is believed that this is the first time that the pyrolysis kinetics of acid hydrolysis residues has been systematically analysed, and thus identifies the consequences of severe hydrolysis conditions on the usefulness of residues.
The kinetic parameters activation energy, pre-exponential factor and reaction model for the pyrolysis of miscanthus and its acid hydrolysis residue were successfully calculated using thermogravimetric analysis and four different model-free calculation methods. The systematic study allowed the following conclusions to be drawn.
▪ The thermogravimetric curves shift to higher temperature values as the heating rate increases due to the increasing effect of heat transfer limitations. ▪ There is negligible difference in the kinetic parameters of pyrolysis calculated by the three integral methods (Kissinger-Akahira-Sunose, Ozawa-Flynn-Wall, Vyazovkin) and the one differential (Friedman) method. However, the integral methods gave better fitting results. ▪ The multiple reactions taking place as the pyrolysis decomposition advances, causes the activation energy to vary with conversion. Due to the mathematical dependence of the calculation, the preexponential factor also varies with conversion. ▪ The activation energy for AHR (268 kJ/mol) was higher than the value for miscanthus (155 kJ/mol) demonstrating the lower reactivity of the AHR. ▪ The decomposition of both feedstocks was best modelled by the third order reaction model.
